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Abstract

Dispersal decisions are often condition-dependent, influenced by the interactrahvifual
phenotype and environmental conditions. Terrestrial Gastropods are simultaneous
hermaphrodites, a reproductive system rarely studied in the context of dispersalveviotiee
energetic cost of their movement is one of the highest among animals. Diespéddatures,
which make them valuable models to understand the trade-offs between dispersal and other life-
history traits, their dispersal strategies have been barely explorestudied the movements of
subadults and adults of the brown garden s@ailnu aspersum in a semi-natural 4-patch
network, for two months in 2011 (a dry year) and one month in 2012 (a wet\Weaassessed

the effects of life-history stage (subadult/adult) and weather conditions omsdispepensity

and dispersal speed. Snails were more mobile under humid and warm weather, pwlinear
individuals left patches when the relative humidity was close to 100 % in B@tause such
humidity levels are potentially lethal . aspersum, we argue these extreme emigration rates
might be an emergency escape response to harmful conditions. Despite a theoregtwatly hi
cost of movement, we found that subadults emigrated more, and dispersed fastethand fu
than adults. Thus, and contrary to what was expected, direct costs of movemenpldy tiat

main role in shaping dispersal @ aspersum. Observed differences between subadults and
adults in dispersal behaviour are discussed in the context of intraspecific campetiti

inbreeding avoidance and relative costs of male and female reproduction.
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I ntroduction

Dispersal, defined g&any movement of individuals or propagules with potential consequences
for gene flow across spdtéRonce 2007), plays a key role in many ecological and evolutionary
processs (Bowler and Benton 2005; Clobert et al. 2012). Benefits of dispersal inadddead

kin competition, inbreeding avoidance, and coping with environmental stochasticityfe(Starr
and Kokko 2012). It is now widely acknowledged that dispersal is not a spe@dd+iit, but

can be highly variable both within and among populations (Clobert et al. ZDA@)teason is

that benefits and costs of dispersal vary across environments, between sexes and between
different age classes, leading to contes#x or age-related differences in dispersal propensity
and dispersal distances (Bowler and Benton 2005; Bitume et al. 2013). Morbeeveiffett of
environmental conditions is likely to differ between sexes or lifedhisstages, leading to
potentially complex interactions (Bowler and Benton 2009). These aspects have dstign m
studied in arthropods, vertebrates, and plants, leading to a strong taxonomic bias in our
understanding of dispersal. Thus, consistent information about dispersal is kil léar a

wide part of the range of existing life histories, including some otherwise well-studied.groups

Land snails and slugs (Stylommatophoran gastropods) form a highly diverseofjroafuscs,

with more than 30,000 species distributed all around the world in a great wdratgsystems
(Barker 2001a). Many species are important crop pests in and outside tiveiraatje (Barker
2002), and some introduced spadmave colonized natural habitats, with negative impacts on
native biodiversity (Cowie 2011). Thus, knowledge of their dispersal capacities is o
conservation and economic interest (Aubry et al. 2006; Honek and Martinkova 2011).
terrestrial gastropods, long-distance dispersal and introductions across ragiopsssive
processes, mainly mediated by wind, water and human transport (Dérge et al. 199%tAlbry
2006) However, expansion and gene flow at local scales seem to depend mostly on active
dispersal (Aubry et al. 2006). Despite that, to date, studies of tlve asbvement capacity of

land snails and slugs are rare, and mainly descriptive (see Baur 1993a, 199G@bryoet al.



2006, for notable exceptions). We nonetheless believe that a better understandipeyséldis
land snails and slugs can shed new light on some general questions about the ecology and
evolution of dispersal. Indeed, their peculiar life histories may have legriginal, yet

unstudied, dispersal strategies.

Stylommatophoran gastropods are simultaneous hermaphrodites, with a tendemoyafury

in at least some lineages (Barker 200Ih)e presence of both male and female reproductive
organs in a single individual addslimension to dispersal/reproduction trade-offs, which play a
key role in the evolution of dispersal (Ims and Hjermann 2001; Danchin and Cam 2002). In
gonochoric animalssexbiased dispersal can be selected as a means to avoid inbreeding, by
increasing the distance between opposite-sex siblings (Perrin and Goudet 2001; €oatello
2008). Sex-biased dispersal can have profound effects on metapopulation dynamics, for instance
by altering the speed of colonisation processes (Miller and Inouye 2013). It can also increase the
extinction probability of small populations, by increasing the mismatch between theanthl
female spatial distributions, thus decreasing the chances to find a matehfdinddispersing

and the philopatric sex (Dale 2001; Miller and Inouye 2013). Under simikectse pressures,

we can expect that hermaphroditic animals would evolve quite different dispehstibns

with potentially different consequences on population dynamics.

Costs of dispersal have been repeatedly shown to be instrumental in the evdiuti@ o
behaviour (Bonte et al. 2012). Costs are of different types (e.g., energetialitynor time

costs) and can be incurred at all stages of the dispersal process (before emigrdéiparture
during transience, and at settlement). These costs usually lead to tradetw#srbdispersal

and other life-history traits. For instance, in winged insects, increased restlogagion to

wings and muscles is typically done at the expense of fecundity (Guerra 2011). Moreover,
actively dispersing individuals are expected to adjust their decisions ® @etibntinue based

on currently perceived costs, affecting the distribution of dispersal disttBwete et al. 2012;

Bitume et al. 2013). The energetic cost of movement in snails andislage of the highst



among animals; they spend about 10 times more energy per meter moved than any othe
terrestrial animal of similar weight (Denny 1980). Moreover, because ofréiaiive slowness
dispersing snails and slugs might be subject to a higher predation risk edrtgpanore mobile
animals, increasing the mortality cost of dispersal. However, land snailsaaly a protective

shell of variable thickness, which limits predation by non-specialists (Barkd),2890well as
decreases the risks associated with body water evaporation under unfavourable conditions
(Klein-Rollais 1993). These characteristics make this taimteresting model to understand

how dispersal costs, in particular costs during transience, interact witlotbactand affect the

trade-offs between dispersal and other life-history traits.

Here we investigate the potential changes in dispersal capacity between life iegery/in the
brown garden snaiCornu aspersum (Mdiller) (fam. Helicidae; synHelix aspersa Miller).
Native of the Mediterranean area, this relatively large land snail @ibelleter at maturity: 25

to 40 mm) has been spread throughout the world by humans, either voluntarily, for food
purposes, or accidentally (Guiller et al. 2012). This species is now consideradararasis an
agricultural pest in many regions outside its native range (Barker 2002; Gabilkr 2012)
Despite being one of the most studied land snail species (see referencesir2Batb), there

is no available information about its active dispersal in the literatweekbr, inC. aspersum

and some related species, the level of locomotor activity has been shown to vary biétween |
history stages (Oosterhoff 1977; Fearnley 1993). Even though dispersal was not migasured
these studies, they suggest the existence of stage-dependent dispersal in helicidl$and snai
this context, we studied how the first two phases of dispersaldeparture and transience)
differed between subadults and adultsCofaspersum, using individually marked snails in a
closed semi-natural system. As snail activity is highly weather-dependeigy(B8ir5), we
included rainfall, temperature and humidity as covariates in our &saBscause of the high
energetic cost of movement in terrestrial molluscs (Denny 1980), we expectedtadiigperse

more frequently and/or faster and further. Indeed, when dispersal is particulaljy lemger



individuals are more likely to disperse, because they have the energy resemas with these
costs, and because they are more likely to successfully immigrate in a new,itteenpatch

(Bowler and Benton 2005).

Material and M ethods

Collecting and maintenance of snails

All individuals were collected at the end of the hibernation season (March 20Ap 2012

in wild populations from north-western France. Only individuals whose stesthader was
higher than 22mm (i.e., stage Il juveniles and adults, Klein-Rollais 1993) were .used
Individuals which had ended their somatic growtadults’) were distinguished from stage |l
juveniles (hereafter named “subadult8) by the presence of a reflected lip around the shell
aperture (Klein-Rollais 1993). Subadults were on average smaller than kdgtis 440.8,P <
0.001 ; mean shell diameter + standard error in subadults: 26.5 + 0.2.pH1bo1= 329; in
adults: 30.4 + 0.1 mMyo114201= 331). Snails were kept in controlled conditions (€080 %
R.H., 16L 8D photoperiod) for at least two weeks before release. They wased in
polythene boxes (30 x 45 x@n) covered with a plastic mesh (30 individuals per box). To
provide a moist substrate and a source of water for the snails, the botachdfox was lined
with synthetic foam kept saturated in water. Snails wereaddibitum with a composite snail

food (cereal powder supplemented with calcium; Ets Berton, France).

Monitoring of snail dispersal in semi-natural conditions

To study the effect of life-history stage and weather on dispersal movemeetgerimental
network was built in a meadow, on the Beaulieu university campus, RennesBifttance;
01°38'05" W, 48°06'51" N). This 13 x 50 m netkancluded four 9m? square patches of
vegetation connected by four corridors, fenced with 15 cm high concrete blockkigll4).
To limit snail evasion and bird predation, the network was covered by medh grred8 mm

in 2011, 12 mm in 209)2Two corridors were 1.2 m wide, while the others were 0.8 m wide.
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Figure 1 Schematic representation of a patch in the experimental network (dark grey), showing
the disposition of corridors and the buffer zone (light grey) where any individual found was put
back in the network. The resources available to snails inside patches are also represented:
rectangles = shelters; triangles = nettle spots; stars = ivy spots; circles = composite snail food in
plastic plates (in 2011 only). The dotted circle marks the limit beyond which snails were
considered dispersers. Inset: a representation of the entire network. The asterisks mark the
location of the climatic probes.

The ground was homogeneously covered by red feseesu¢a rubra L.) and perennial
ryegrassl(olium perenne L.), and was gridded to ease the recording of snail coordinates. Wood
and brick shelters were placed in each patch, big enough to shelter about 150 irsdpedual
patch. Nettle Urtica dioica L.) and ivy Hedera helix L.) spots were planted (2 spots of each
species per patch). Nettle leaves are particularly palatabl€. taspersum (Iglesias and
Castillejo 1999) and ivy is one of its main host plants in the wild (Straté64). In 2011,
drought impeded nettle and ivy growth, requiring the supplementation of foodaesdar this

year; thus, 100 g of composite snail food per patch were added in plastic plates near the shelters.

Two climatic probes (Log32 datalogger, Dostmann, Reicholzheim, Germany) wedéethat



the western and eastern extremities of the network to record ground-leysrég¢ure and
relative humidity at hourly interval#\s snails started to use northern and southern corridors in
2012, two supplementary probes were installed near the middle of these corridors (Fig. 1). Daily

rainfall data were obtained from the Météo-France station of Rennes-St Jacques.

On st April 2011, 300 snails were released in the network. They were diwittefbur groups:

two composed of 50 individuals (in the north-eastern and the south-western yatahéso
composed of 100 individuals (in the north-western and the south-eastern patéhésitially

chose different group sizes to determine if density affected dispersalgificant effect of
these density levels on dispersal metrics in 2011 was found (Generalized MiredrModel

with the emigration rate as a response variable and with weather ahistiifiey stage as
covariatesz = -0.223,P = 0.82). Thus, this distinction was abandoned for the 2012 session and
the density effect not included in the complete analyses. After monitoringietherk was
cleared of all remaining snails. On 4th June 2012, 360 new snails were released,idigided
four equal groups of 90 individuals. To avoid an increase of dispersal due todatiosl stress
(Turchin 1998), release took place during the inactivity period (day), and snadglaeed in

or at the immediate proximity of the shelters. One hour after releaseadnly individuals

were outside the shelters (between 1 and 3, depending of the patch). Easbhdralnail was
marked with two numbered and coloured plastic marks commonly used for honeybees, glued
with cyanoacrylate (Henry and Jarne 2007). Adults and subadults were in equal numbers in each
population. Bonferroni-corrected Kolmogorov-Smirnov tests were used to ehaushell size
distributions of adults and subadultgd chot differ significantly between populations and
between years. Individual locations weeeorded twice a week for 52 days in 2011 and 25 days
in 2012, with a week of interruption in 2012. Monitoring was prematurégyrupted in 2012
because of a high escape rate (see Results for a possible explanaged)ob a Cormack-
Jolly-Seber modelwith lost individuals considered “dead”, only 36.1 % of the released

individuals in 2012 were still in the network after 25 days in 2012 (130 spfa860; 95 %



confidence interval: 100 168) against 73.0 % after 52 days in 2011 (219 snails of 30% 95
Cl: 208- 231). Snails were searched for in the experimental network itself and in a 5@em wi
buffer zone around it (Fig. 1). When a marked snail was found in the kaffer it was placed,

after its coordinates were noted, at the nearest point inside the experimental network.

Statistical analyses

All statistical analyses were carried out using R (version 2.14; R DevelofoentTeam

2011).

In this study,we considered as “resident” any snail found inside a circle of radius 1.20 m
including its original shelter, nettle and ivy spots (Fig. 1). Ind€zdispersum snails do not
usually forage that far when food is available near shelters (Bailey 1989). Weedsthanh
recapture probability of residents was equal to 1. To avoid counting short erpleras
dispersal, only snails that were not resident on at least two successipéure occasions were
considered “dispersers”. We considered the same patch, observed two consecutive years, as two

different patches in analyses.

To study the first step of dispersal, i.e., departure,awalysed the emigration probability
between two successive recaptures as a function of life-history stage andrwesitige
Generalized Linear Mixed Models (GLMMs) with the binomial error famitg @ logit link
function. For each patch, emigration was analysed at the group level, as the progiortio
individuals of a given life-history stage which dispersed between recaptume=e Weather
variables with potential effect on snail activity were considered: ndealy rainfall, mean
temperature and mean relative humidity. As the correlation between dailgllrand mean
relative humidity was weal¢ = 0.11), both variables were conserved in analyses. Because all
recaptures were not separated by the same amount of time, we added an effect/aif
duration. A year effect (factor with 2 levels) was also added. Finallyedbfor differing

responses to life-history stage and weather between years, interactions betweesritigss v



and year were added. The patch of origin was included as a random effect, to accooittt fo

spatial correlations (between subadults and adults from a same patch) and repeated measures.

To study the second step of dispersal, i.e., transience, we analysed two vatiabteaximal
dispersal distances observed and individual dispersal speeds. Maximal dispersa<istanc
analysed using linear models as a function of time since release and yeaepirtiencg forced

to zero. Dispersal speed is the speed at which an individual moves awaysfaigiital patch,
calculated between the last recapture within the release patch and thecégdtre as a
disperser. Because, under the assumption of (correlated) random walk, the expected li
distance travelled does not increase linearly with time (Turchin 1998), and becspeesai
duration differed between individuals, the ratio distance travelled/timebigsad measure of
dispersal speed. To correct for this, we calculated for each individulffitsion coefficientD
=MD / 4 (in m?/day), wherdSD is the Mean Squared Displacement, i.e., the mean squared
distance between recaptures, anis the mean time between recaptures (Turchin 1998).
Excluding dispersers lost before they could be recaptured, this datasénedrit70 dispersing
individuals (74 subadults, 96 adults). The distribution of diffusion coeffiEieais skewed, so

we analysed the effect of weather and life-history stage using Gaussian GLItMslag link
function. As for emigration, mean daily rainfall, mean temperature and medinadiumidity

(at the nearest probe) were included as weather covariates. We considered both thé patch
origin and the corridor used to disperse as random effects, to account for patiktions.

Here, no year effect was included, as most models with such an effect failed to converge.

For both emigration rates and diffusion, a set of models was derived from lthmofigls
outlined above. These GLMMs were fitted using the Ime4 R package (Bates @1l .This
gave a set of 275 possible models for emigration and 16 possible models for difhetemtion
among these candidate models was realized in an information-theoretic framesing<the
Akaike Information Criterion (AIC; Burnham and Anderson 2002). For each sefglmmwere

ranked by AIC, the model with the lowest AIC being considered theabhéstodels with AAIC

10



= AlC0del- AlCpest mode< 4 considered “good models”. As each set contained more than one
“good model”, Akaike weights (summing to 1) were calculated and inferences were done by
model averaging over the complete set of models (Burnham and Anderson 2002), using the
MuMiIn R package(Barton 2012). Averaging was done with shrinkage (predictors were
averaged over all models, with their parameter values set to zero when they ardraimsant

given mode).

Results

Weather differences between the two years (Table 1)

The 2012 session was significantly wetter than the 2011 session: wet daysoreifeequent
in 2012 §? test,y? = 4.84,df = 1, P = 0.03), mean daily rainfall was also higher (Mann-
Whitney-Wilcoxon two-sample teshpgi; = 52, Ny = 25, U = 363,P < 0.001), as well as
relative humidity (ANOVA,Fy, 1gss= 254,P < 0.001). Mean temperature, however, was not

significantly different between years;(1gss= 1.81,P = 0.18).

Table 1: Weather differences between the two field sessions (2011 and 2012).

2011 2012 P

Proportion of wet days (rainfall > 1 mr 11.5 % (6/52) 40.0 % (10/25 ***

Mean daily rainfall (mm) 04+0.2 29+1.1 *xk
Mean relative humidity (%) 70.0£0.7 83.1+£05 **
Mean temperature (°C) 16.1+£0.2 16.5+0.2 >0.05

Mean values are presented + SE. Mean values for temperature and humidity are those
recorded at the eastern probe. Values from other probes are not significantly different (P >
0.05 for all variables). ***: P < 0.001; see text for details of tests.
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The departure stage: emigration rate between recaptures at the patch level

The cumulated proportion of dispersers increased over time in both year)(RAiy 2012,a
proportion higher than 90 % was attained between 2 and 14 days after releaggeatithn 30
% of snails emigrated as soon as the first day post release. In 2011 dhE@tortionwas not

attained before 31 days post release.

Cumulated proportion of dispersers

I | [ I | |

0 10 20 30 40 50

Days since release

Figure 2: Cumulated proportion of dispersing snails as a function of time since release and
year. For each year, data from the 4 patches are pooled; nyp11 = 300, nyp1, = 360.

During the two monitoring sessions, 423 snails (90 in 2011, 333 in 2012) moved more tha
1.20 m away from the release point and were considered dispersers. Among these dispersers,
59.8 % (253 of 423 snails) were never recaptured outside the patch, indicating a probable escape
from the network as soon as dispersal occurred. Despite numerous precautions tih&inidee
network boundaries were as hermetic as possible, snails were several times olosesesd t

small openings (sometimes initially smaller than their shell) to crawlgsetthe mesh and the

12



soil and/or concrete blocks. Overall, 82.3 % of dispersers (347 of 423 snailsydaoth
combined) escaped from the network during the dispersal process (including both never
recaptured snails and individuals lost during dispersal; Fig. S1 in Electronic Bepphey
Material (ESM)). This proportion was independent of year and days since rdf&gas81( in
ESM), which would indicate the number of escapees depended only on the number of

dispersers, the perimeter/surface ratio of the network, and the number of hidden openings.

Among the 275 models tested for the probability of dispersing between recaginesre
considered “good” (AAIC < 4; Table S1 in ESM). Thus, inferences on emigration were based on
average coefficients, calculated over all models (Table 2). Among the three weathkles
the humidity effect was the only one different from zero, based on 95 ftlewce intervals
and the only one to gather substantial support from data (evidence weighTablé, 2).
Emigration was on average positively correlated with mean humidity levelse Tves an
interaction between year and humidity: the increase of emigration in respdmsmitity was
stronger in 2012 than in 2011 (Table 2, Fig. 3). Near saturation, the daily eomgettwas
much higher than at intermediate levels of humidity (82.3 % of individualgpdveir patch
per day of R.H> 90 %) (Fig. 3). Finally, emigration was gfedependent, with subadults
emigrating more than adults (evidence weight = 0.93, Table 2). Using the fach tiMis
and GLMMs with a logit link, the parameter value is the logarithm of the odds, weated
that subadults were on average 1.16 times (exp(0.15)) more likely to emtigratedults (95 %

Cl=[1.03 1.31]).
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Table 2: Averaged model parameters for the emigration probability between successive
recaptures. Parameter values are averaged over the complete set of models with shrinkage
(see Table S1 in ESM).

Average effect + SE = Parameter weight

Subadult 0.15+£0.06* 0.93
Interval duration 0.04+£0.01* 1.00
R.H. 0.20+0.03 * 1.00
Year -22.93+7.51* 1.00
Year x R.H. 0.31+0.09* 1.00
(Intercept) -16.27 +3.23 * 1.00
Temp. -0.07 £ 0.08 0.43
Rain -0.02 £ 0.09 0.71
Year x Subadult 0.02+0.14 0.23
Year x Interval duration -0.02 £ 0.02 0.34
Year x Temp. 0.11 £0.29 0.12
Year x Rain -0.23+0.13 0.44

Parameter weight: the sum of the AIC weights of all models in which the parameter appears. Subadult:
effect of the life-history stage being "subadult", compared to adults; Interval duration: time between
successive recaptures; R.H.: mean relative humidity; Temp.: mean temperature; Rain: mean daily
rainfall. Interactions between the year effect and other variables are denoted by a “x” sign. *: average
parameter value different from 0, based on 95 % confidence intervals.

1.0

08| O 2011
0 2012 ‘

0.6

Daily emigration rate + 95% CI

©
o

|_'—|I I I

| |
<60 60-70 70-80 80-90 >90

Mean relative humidity (%)

Figure 3: Mean (+ 95 % confidence intervals) daily emigration rates observed for five 10 % wide
classes of relative humidity, depending of the year. When intervals between recaptures were
longer than one day, daily emigration rates were estimated as 1 - (proportion of non-
dispersing snails between recaptures) !/ s between recaptures g5 o confidence intervals are + 1.96
SE.
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The transience stage: maximal dispersal distances

Maximal dispersal distances observed increased with days since release (Hijgs #)crease

was, on average, 9.6 times faster in 2012 than in 2011. Distances of 10 m (i.e., the distance
between the centres of two adjacent pafchese attained in 31 days in 2011 and 2 days in
2012. In 2012, the 10 fastest snails travelled the 45 m separating the western and eastern
extremities of the network in 23 days, with the fastest observed snail ciogplet distance in

15 days.

(o))
o
1

A BAA —— 2011
i o 2012

NG
(] (]
| |

- N
o o
l

o

Maximal dispersal distance (m)
w
o
|

0 10 20 30 40 50

Days since release

Figure 4: Maximal dispersal distances observed within the experimental network, as a function
of year and time since release. Predicted values (lines) are based on a linear model with days
as covariate and year as a factor (n = 23, R? = 0.97). Y5011 = 0.268 X, V2012 = 2.576 X, the intercept
values being set to zero by construction.
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The transience stagmdividual diffusion coefficients during dispersal

Observed diffusion coefficients ranged betwedd6@nd 28.92 m?/day in adults, and between
0.29 and 53.38 m#/day in subadults (mgagnt SE = 5.84 + 0.70 Aday; mealpaduist SE=

8.84 + 1.21 m?day). Among the 16 models analysed, ¥eu considered “good” (AAIC < 4;

Table S2 in ESM), including the full model. Thus, inferences on diffusiorficieets were
based on average coefficients, calculated over all models (Table 3). Dispersalvapesd
average positively correlated with all three weather variables: mean ramgdin relative
humidity and mean temperature between successive recaptures (Table 3). Howevernthe mea
rainfall effectwas the only one different from zero, based on 95 % confidence intervals (Table
3). Furthermore, the mean rainfall effegbs the only one to gather substantial support from
data, with an evidence weight of 0.93 (evidence weights are 0.46 and 0.37 for tive rela
humidity and the temperature effect, respectively). Independently of weather conditions
subadultsvere on average faster than adults, with an evidence weight of 0.91 for this éffect o

life-history stage (Table 3, Fig. 5).

Table 3: Averaged model parameters for the individual diffusion coefficients of dispersing
Cornu aspersum snails. Parameter values are averaged over the complete set of models with

shrinkage (see Table S2 in ESM).

Average effect £ SE Parameter weight

Subadult 0.42+0.08 * 0.91
Rain 0.27+£0.06 * 0.92
Temp. 0.05 £ 0.07 0.37
R.H. 0.02 +£0.02 0.46
(Intercept) 0.92 +2.50 1.00

Parameter weight: the sum of the AIC weights of all models in which the parameter appears. Subadult:
effect of the life-history stage being "subadult", compared to adults; Rain: mean daily rainfall; Temp.:
mean temperature; R.H.: mean relative humidity. *: average parameter value different from 0, based on
95 % confidence intervals.

16
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Figure 5: Observed (circles) and predicted (lines) mean diffusion coefficients of dispersing
subadults (n = 74, left) and adults (n = 90, right) of Cornu aspersum, as a function of mean daily
rainfall during dispersal. For ease of reading, each circle represent the mean observed diffusion
coefficient of a group (individuals from the same patch, dispersing via the same corridor, see
Materials and Methods), for a given mean rainfall level (rounded to the nearest mm). The size
of each circle is proportional to the number of individuals. Predictions from the best GLMM
(Table 3), based on fixed effects only, are plotted (solid lines) with their 95 % confidence
intervals (broken lines).

Discussion

Compared to adults, subadults of the brown garden Goailu aspersum emigrated more and
moved faster and further during transience. Furthermore, we also found thatyiswls and
rainfall were the main weather variables affecting both emigrationransig¢nce. If the effects
of life-history stage and weather (temperature and humidity) on the onitiafi dispersal are
relatively well-studied (e.g., Tuda and Shima 2002; Bowler and Benton 2009), tieeis ef
during the transience phase have been much less investigated (with the excepfiwnh iof w
flying insects and passively dispersing organisms; e.g., Reynolds et al. B@d&) overall
effects of life-history stage and weather were similar between erigratd transiencel his
would indicate the existence of an integrated dispersal strategy, maxjngeneral dispersal
ability (both emigration propensity and dispersal speed) at the lifeshstiage where benefits

of dispersal are maximal (and/or costs minimal).
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Weather conditions have a majafluence on ectotherms’ metabolism and activity; thus, they

are usually expected to influence dispersal in similar ways (Delattre 204@®, Wet weather
increased both emigration probability and dispersal speed of land snails. Btoreo2012,
maximal dispersal distances were close to what is observed in other snails anaf siaglar

size (Aubry et al. 2006; Honek and Martinkova 2011), but they were much lower in 2011
which was a dry year. Because land snails and slugs can experience signifitemtoss
through theirintegument and through mucus secretion, they generally slow down their activity,
or even enter a state of dormancy under dry conditions (Cook 2001). The preselugitadly

extends this well-documented weather-dependence of general activity to dispersalemisy
However, the average model for the emigration rate also contains a strongtyhumyeiar
interaction, with an effect of humidity much stronger in 2012 (Table 2). As hunnaityes in

both years did not overlap much (Fig. 3), it is difficult to tell whetthis reflects a real
difference between years or a non-linear effect of humidity, independent of théPyiearto
release, shails were fed with a composed food. In 2011 only, this resource was added in patches,
to compensate for the drought-induced low growth of host pl@otau aspersum can acquire a

strong preference toward a given food resource after conditioning (e.g., Peschel et al. 1996). It is
possible that the absence of this familiar food in 2012 rendered the patchesréesiventt
encouraging emigration. During the 2012 session, wetter conditions also ledntyesse in
vegetation height and cover in corridors. As a consequence, the contrast betivhes pad
corridors was less marked, compared to 2011. The perception of such contrasts is one of the
main proximate mechanisms limiting movement of animals within patches otrthie
resources (Haynes and Cronin 2006). When there is no clear boundary between patches a
matrix (as in 2012), dispersal can occur as a succession of routine movements (Baglette
Van Dyck 2007). Alternatively, there are indications that high humiditgl¢elrave deleterious
effectsin C. aspersum (Klein-Rollais 1993) When maintained at humidity levels above 90 %
shails become unable to regulate correctly their water balance and hypextydilgtactivity

rhythms are disturbed, some individuals lose their shell after their columellarerbusak, and
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mortality increases to up to 20 times the level observed in optimal conditions (100 % against 4.7
% in 2 months, Klein-Rollais 1993). Thus, it is possible that the observed nonréspanse to
humidity was independent of the year; in this context, the very high emigration ratesdlaerv
high humidity levels could be an emergency response to potentially lethali@osiditon-

linear weather effects and differences in patch quality are both known tenioéulispersal

(e.g., Delattre 2010 for the former; Mathieu et al. 2010 for the laEe@periments in strongly
contrasted natural or semi-natural landscapes, covering more completely nefrangather
conditions experienced b§. aspersum, would help to correctly disentangle the respective

effects of these environmental conditions in its dispersal.

The existence of a specific dispersing life-history stage, and its ndepend on the selective
pressures on dispersal and/or movement constraints, and how they vary with age or size (Bowler
and Benton 2005, 2009). Dispersal is a risky behaviour, entailing many costs (Bate et
2012). When costs are high, larger individuals are expected to be better dis{Berard and
McCauley 2008). In several mammal species for instance, there is a thresholddss below
which individuals do not disperse (e.g., Debeffe et al. 2012). Based on this eariglh
energetic cost of movement in land snails (Denny 1980), we hypothesized that adatisareh
larger, would be more likely to emigrate and would be faster dispersersubadults. Indeed,

in the invasive slugdrion lusitanicus, larger individuals emigrate more and are the fastest
dispersers (Honek and Martinkova 2011). Here, the relationship betwebisides stage and
dispersal inCornu aspersum shows the opposite pattern: subadults are more likely to emigrate
and are faster than adults during transience. This is especially surpoistrensiencebecause

they have a thinner shell, subadultCofaspersum tend to lose water faster than adults (Klein-
Rollais 1993), which would make them more vulnerable to desiccation during prolonged
movement.This suggests direct costs of locomotion are not the main driving force acting on
dispersal. Indeed, the fastest observed snails dispersed 10 m in 2 days or less, and 45 m in up

23 days, which is only about half the speed of some walking insects (e.g., Schooley and Wiens
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2004), when energetic costs of movement are theoretically much higher (Denny 1980)
Altogether, this hintsat the existence of other, non-energy related, stage- or size-dependent

benefits and costs of dispersal.

Negative size-dependent dispersal, where smaller individuals disperse more, has beerdassociate
with intraspecific competition (Bowler and Benton 2005). When the cost of coropeisti

higher than the cost of dispersal, inferior competitors are expected to be more prone to.emigrate
This could be the case @ornu aspersum, as subadults do suffer from interference competition
when placed with adults (Dan and Bailey 1982). Intraspecific competition can also affect
dispersal distances. When the cost of moving further is lower than thefcaetling in, or

close to, a highly competitive patch, actively dispersing animals should pass overcthiarnuht
continue to disperse, as recently demonstrated in the two-spotted mite (Bitam2Git3). In

this context, less competitive individuals would move further, as observed irsetwp.
However, we did not observe an effect of density on dispersal in 2011 (seeaMateti
Methods), which would be expected if dispersal was driven by intraspecific caorpelit

should be noted that the initial densities we used were in the higherofanggiral population
densities, and closer to those observed in extensive snail farms (Dan 1978; Gehzlez
2008). Using densities closer to those observed in natural populations should helpateeval

this possible effect of competition on dispersal rates and dispersal distances.

Dispersal prior to sexual maturatiaman also be selected as a means to avoid inbregeding
especially when individuals are unable to recognize kin (Bowler and Benton. 20€i%)id

snails seem unable to discriminate between siblings and non-siblings when it oomate t
choices (Baur and Baur 1997) or egg cannibalism (Baur 1990). In this context, avoiding matings
between relatives is likely to be one of the main drivers of subadult dispeSahspersum,

which is moreover a species extremely sensitive to the deleterious effects of imbreed
(Albuguerque de Matos and Serra 1984). Thus, subadult dispersal in the brown garden snalil

could be seen, as in many other groups, as a case of natal dispersal, i.e., the nicvantteat
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site of birth to the site of first reproduction (Clobert et al. 20Hwever, interpreting the
subadult dispersal patterns observed here as natal disggitalsensu is difficult for at least

two reasons. First, pre-capture dispersal and reproductive histories of theualdi tested here

are unknown. Then, in helicid land snails, subadults are able to mate, produce sperm and lay
eggs, albeit with less success than adults (Fearnley 1993; Kupfernagel and BaumaRitit),

it difficult to equal subadult/adult with pre-breeding/post-breeding. Labgragoperiments
where the age and the reproductive history of individuals can be known easilgedssl o
determine whether subadult dispergalC. aspersum really corresponds to natal dispersal.
Tomiyama and Nakane (1993) proposed an alternative hypothesis to explain dispitasal
patterns in the giant snafichatina fulica. Achatina fulica is one of the few animal species
known to present a protandric simultaneous hermaphroditism, i.e., a mixed sex allocation
pattern in which individuals mature and reproduce initially as malad, later become
functional simultaneous hermaphrodites (Baeza 2007). Male subadults can mate with many
shails without having to pay the cost of egg creation, when adults must pagdbisseand thus

have less energy to invest in movement. In these conditions, according to Tonaigdma
Nakane (1993), natural selection should favour high dispersal and multiple matingse
subadults, and sedentarity in fully hermaphroditic adults. This hypothesis focusd® on t
energetic costs of reproduction, but such a dispersal strategy would also lezdluded
inbreeding by scattering related snails before their full sexual maturity.h@hk yet to be fully
tested, but theres indication that C. aspersum might be a protandric simultaneous
hermaphroditic species, with subadults being functionally male (Bride and Gomot 1991;

Fearnley 1993).

Dispersal is a complex process, under multiple, simultaneous and sometimes congradict
selective pressures (Clobert et al. 2012). Thus, it is possible, and even likelthethhtee
mechanisms proposed here (namely competition avoidance, natal dispersal linked tanimpbreed

avoidance and differences in costs between “males” and hermaphrodites if there is protandric
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simultaneous hermaphroditism), simultaneously influence, to varying de@e@spersum
dispersal. Their relative importance could have profound impacts on metapopulation dynamics
and the persistence of local populatiofRsr instance, if subadult dispersal is mainly linked
mate search, as in Tomiyarmmad Nakane’s (1993) hypothesis, immigration should be higher in
high-density patches. This would increase the extinction risk of small populasgaispersers
settle in already large populations and empty patches are not recolonizbdr (Steat. 1999).
On the other hand, when dispersal is mainly a response to competition, dispersersétthel to
more in low-density patches, increasing the local growth rate and decreasimgathextinction
risk (demographic rescue effect; Saether et al. 1999; Hanski 2012). Morespersédl before
reproductive maturity and the arrival of unrelated individuals would decrease imigreedi
depression and its deleterious effects, especially in low-density patches (gemetcakbsct;
Saccheri and Brakefield 2002; Hanski 2012). In order to better understand ttiee rela
importance of these mechanisms, the effect oérindividual variation in size, age and
reproductive development on all steps of dispersal (including immigration) shimuld
investigated. Overall, our results highlight the necessity of studying dieerse reproductive
systems regarding dispersal, as a similar pattern might be caused by ditfiedentying
strategies in hermaphrodites than in gonochoric animals. ‘Gitemative” dispersal strategies
could have many interesting, yet unstudied, consequences in terms of life-historyoayoluti

sexual selection and population dynamics.
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Dahirel M - Ansart A- Madec L.Stage- and weather-dependent dispersal in the brown garden

snail Cornu aspersum. Population Ecology.
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Figure S1: Reationship between the number of dispersing individuals and the number of
escaped individuals. Each point corresponds to a recapture occasion. Individuals are considered
escaped on a given recapture occasion if they were not found in subsemgritire sessions;
dispersing snails are individuals found outside the circle of radius 1.2 reccenttheir release point

(see Materials and Methods), plus the escaped snails. The equation for theetnession is/ =

0.811, R2 = 0.98.
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Table S1: Set of models for the emigration probability between successive recaptures. Models are GLMMs with binomial errors and logit links, ranked

by increasing AIC. Only the first 50 models, cumulating 99.5 % of AIC weights, esered. (Int.): IntercepR.H.: mean relative humidity; Duration: time

between successive recaptures; Rain: mean daily rainfall; Subad.: adfféwt life-history stage being "subadult", compared to aduliemp.: mean

temperaturedf: degrees of freedom; logLik: maximized log-likelihoad; Akaike weights; cunv) : cumulated Akaike weights. Interactions between the

year effect and other variables are denoted by a “x” sign.

Year x Year X Year x  Year x Year x
(Int.) R.H. Duration Rain Subad. Year R.H. Rain Temp. Duration Subadult Temp. df logLik  AIC  AAIC Wi cum(n,)
-17.21  0.20 0.04 0.00 0.15 -2425 0.33 -0.20 9 -160.20 339.38 0.00 0.10 0.10
-17.39 0.21 0.04 -0.09 0.15 -19.39 0.27 8 -161.59 339.97 0.59 0.08 0.18
-13.73 0.18 0.04 0.05 0.15 -27.33 037 -0.26 -0.10 10 -159.39 339.99 0.60 0.08 0.26
-17.10 0.20 0.04 0.16 -16.67 0.23 7 -162.77 340.14 0.76 0.07 0.33
-17.75 0.21 0.04 0.00 0.5 -28.75 0.39 -0.21 -0.02 10 -159.64 340.50 1.11 0.06 0.39
-14.59 0.18 0.04 0.16 -18.20 0.25 -0.07 8 -162.12 341.02 1.64 0.05 0.44
-17.98 0.21 0.04 -0.09 0.15 -21.98 0.30 -0.02 9 -161.07 341.12 1.74 0.04 0.48
-17.74 0.21 0.04 0.16 -18.85 0.26 -0.01 8 -162.20 341.19 1.80 0.04 0.52
-17.21  0.20 0.04 0.00 0.15 -24.27 0.33 -0.20 0.02 10 -160.19 341.60 2.22 0.03 0.56
-15.78 0.20 0.04 -0.07 0.15 -19.96 0.28 -0.05 9 -161.37 341.74 235 0.03 0.59
-14.75 0.19 0.04 0.04 0.15 -2991 041 -0.26 -0.08 -0.01 11 -159.19 341.85 2.47 0.03 0.62
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Table S1 (continued)

Popul Ecol, ESIVs.

Year x Year X

Year x

Year x Year x

(Int.) R.H. Duration Rain Subad. Year R.H. Rain Temp. Duration Subadult Temp. df logLik  AIC  AAIC W, cum(m)
-17.39 0.21 0.04 -0.09 0.15 -1941 0.27 0.02 9 -161.59 342.16 2.78 0.03 0.64
-13.73 0.18 0.04 0.05 0.15 -27.34 037 -0.26 -0.10 0.01 11 -159.38 342.23 2.84 0.03 0.67
-13.63 0.18 0.04 0.05 0.15 -2749 037 -0.26 -0.10 0.01 11 -159.38 342.23 2.85 0.03 0.70
-17.10 0.20 0.04 0.15 -16.69 0.23 0.02 8 -162.76 342.30 2.92 0.02 0.72
-17.74 0.21 0.04 0.00 0.15 -28.76 0.39 -0.21 -0.02 0.01 11 -159.64 342.74 3.35 0.02 0.74
-15.67 0.20 0.04 0.16 -19.32 0.27 -0.06 -0.01 9 -161.90 342.78 3.40 0.02 0.76
-14.59 0.18 0.04 0.15 -18.21 0.25 -0.07 0.02 9 -162.11 343.21 3.83 0.02 0.77
-14.58 0.18 0.04 0.16 -18.20 0.25 -0.07 0.00 9 -162.12 343.22 3.84 0.02 0.79
-17.19 0.21 0.04 -0.08 0.15 -21.92 0.30 -0.02 -0.01 10 -161.03 343.28 3.89 0.01 0.80
-17.98 0.21 0.04 -0.09 0.15 -21.99 0.30 -0.02 0.02 10 -161.06 343.34 3.95 0.01 0.82
-17.73 0.21 0.04 0.15 -18.87 0.26 -0.01 0.02 9 -162.19 343.38 3.99 0.01 0.83
-14.07 0.18 0.04 0.05 0.15 -36.55 044 -0.25 -0.10 -0.03 0.27 12 -158.86 343.47 4.09 0.01 0.85
-15.02 0.19 0.04 0.16 -29.35 0.33 -0.07  -0.04 0.34 10 -161.34 343.89 450 0.01 0.86
-16.15 0.20 0.04 -0.08 0.15 -19.28 0.27 -0.04 -0.04 10 -161.35 343.92 454 0.01 0.87
-15.77 0.20 0.04 -0.07 0.15 -19.97 0.28 -0.05 0.02 10 -161.37 343.95 4.57 0.01 0.88
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Table S1 (continued)

Popul Ecol, ESIVs.

Year x Year x Year x  Year x Year X
(Int.) R.H. Duration Rain Subad. Year R.H. Rain Temp. Duration Subadult Temp. df logLik  AIC  AAIC Wi cum(n)
-17.12  0.20 0.04 0.00 -24.24 033 -0.20 8 -163.64 344.06 4.68 0.01 0.89
-14.75 0.19 0.04 0.04 0.5 -2992 041 -0.26 -0.08 -0.01 0.01 12 -159.19 344.12 4.73 0.01 0.90
-13.63 0.18 0.04 0.05 0.5 -2750 0.37 -0.26 -0.10 0.01 0.01 12 -159.38 34450 5.12 0.01 0.91
-13.64 0.18 0.04 0.05 -27.32 0.37 -0.26 -0.10 9 -162.82 34464 5.25 0.01 0.91
-17.30 0.21 0.04 -0.09 -19.38 0.27 7 -165.03 344.68 5.29 0.01 0.92
-16.48 0.20 0.04 -0.07 0.15 -29.71 0.35 -0.04 -0.03 0.28 11 -160.66 344.80 5.41 0.01 0.93
-17.01 0.20 0.04 -16.65 0.23 6 -166.21 344.88 5.49 0.01 0.93
-15.67 0.20 0.04 0.15 -19.33 0.27 -0.06 -0.01 0.02 10 -161.89 345.00 5.61 0.01 0.94
-17.66 0.21 0.04 0.00 -28.74 0.39 -0.21 -0.02 9 -163.08 345.15 5.77 0.01 0.95
-14.58 0.18 0.04 0.15 -18.22 0.25 -0.07 0.02 0.00 10 -162.11 345.44 6.05 0.01 0.95
-17.19 0.21 0.04 -0.08 0.15 -21.93 0.30 -0.02 -0.01 0.02 11 -161.02 34551 6.13 0.00 0.96
-14.50 0.18 0.04 -18.18 0.25 -0.07 7 -165.56 345.73 6.35 0.00 0.96
-14.06 0.18 0.04 0.05 0.15 -36.56 044 -0.25 -0.10 -0.03 0.01 0.27 13 -158.86 345.76 6.38 0.00 0.96
-17.89 0.21 0.04 -0.09 -21.96 0.30 -0.02 8 -164.51 34581 6.42 0.00 0.97
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Popul Ecol, ESIVs.

Table S1 (end)
Year x Year x Year x  Year x Year X

(Int.) R.H. Duration Rain Subad. Year R.H. Rain Temp. Duration Subadult Temp. df logLik  AIC  AAIC Wi cum(n)
-17.65 0.21 0.04 -18.83 0.26 -0.01 7 -165.65 34590 6.52 0.00 0.97
-15.02 0.19 0.04 0.15 -29.37 0.33 -0.07  -0.04 0.02 0.34 11 -161.33 346.13 6.74 0.00 0.98
-16.15 0.20 0.04 -0.08 0.15 -19.29 0.27 -0.04 0.02 -0.04 11 -161.35 346.16 6.78 0.00 0.98
-15.69 0.19 0.04 -0.07 -19.95 0.28 -0.05 8 -164.82 346.42 7.04 0.00 0.98
-14.66 0.19 0.04 0.04 -29.90 041 -0.26 -0.08 -0.01 10 -162.63 346.48 7.09 0.00 0.99
-13.54 0.18 0.04 0.05 -27.48 0.37 -0.26 -0.10 0.01 10 -162.82 346.86 7.48 0.00 0.99
-16.48 0.20 0.04 -0.07 0.15 -29.72 0.35 -0.04 -0.03 0.02 0.28 12 -160.66 347.06 7.68 0.00 0.99
-15.58 0.20 0.04 -19.30 0.27 -0.06 -0.01 8 -165.34 347.47 8.09 0.00 0.99
-14.49 0.18 0.04 -18.18 0.25 -0.07 0.00 8 -165.56 347.91 853 0.00 0.99




Dahirel M, Ansart A & Madec LStage- and weather-dependent dispersal in the brown garden

snail Cornu aspersum. Popul Ecol, ESMs.

Table S2: Set of models for the individual diffusion coefficients of dispersing snails. Models are
GLMMs with Gaussian errors and log links, ranked by increasing AIC. (Int.)ceégerSubad.: effect
of the life-history stage being "subadult”, compared to adults; Rain: mean daibllrdtH.: mean
relative humidity, Temp.: mean temperatudf; degrees of freedom; logLik: maximized log-

likelihood; w; : Akaike weights; cunw;) : cumulated Akaike weights.

(Int.) Subad. Rain R.H. Temp. df logLik AlC AAIC w  cum(wm)

091 048 0.27 5 -601.27 121253 0.00 0.31 0.31
-2.19 044 0.22 0.04 6 -600.61 1213.22 0.69 0.22 0.53
-1.75 047 0.35 0.15 6 -600.74 1213.48 095 0.19 0.72

-484 044 031 004 0.13 7 -600.15 121429 1.76 0.13 0.85

-3.57 0.36 0.07 5 -603.35 1216.71 4.18 0.04 0.89
-2.74 0.17 0.05 5 -603.81 1217.61 5.08 0.02 0.92
1.25 0.24 4 -605.02 1218.04 5.50 0.02 0.94
-2.78 0.37 0.06 -0.04 6 -603.22 1218.43 5.90 0.02 0.95
-5.53 0.26 0.06 0.13 6 -603.35 1218.70 6.17 0.01 0.97
-3.68 0.07 4 -605.48 1218.95 6.42 0.01 0.98
-1.33 0.32 0.15 5 -604.52 1219.04 6.50 0.01 0.99
-3.22 0.07 -0.02 5 -605.44 1220.87 8.34 0.00 1.00
1.76 0.42 4 -607.04 1222.07 9.54 0.00 1.00
1.97 3 -609.58 1225.17 12.63 0.00 1.00
332 044 -0.13 5 -611.53 1233.06 20.53 0.00 1.00

2.94 -0.10 4 -615.58 1239.17 26.63 0.00 1.00




